Many excitatory synapses express Group 1, or Gq coupled, metabotropic glutamate receptors (Gp1 mGluRs) at the periphery of their postsynaptic density. Activation of Gp1 mGluRs typically occurs in response to strong activity and triggers long-term plasticity of synaptic transmission in many brain regions, including the neocortex, hippocampus, midbrain, striatum, and cerebellum. Here we focus on mGluR-induced longterm synaptic depression (LTD) and review the literature that implicates Gp1 mGluRs in the plasticity of behavior, learning, and memory. Moreover, recent studies investigating the molecular mechanisms of mGluR-LTD have discovered links to mental retardation, autism, Alzheimer's disease, Parkinson's disease, and drug addiction. We discuss how mGluRs lead to plasticity of neural circuits and how the understanding of the molecular mechanisms of mGluR plasticity provides insight into brain disease.
Cellular Mechanisms of Group 1 mGluR-Dependent Synaptic Plasticity
Group 1 mGluRs are comprised of mGluR1 and mGluR5 and constitute a subclass of metabotropic glutamate receptors that are canonically linked to the Ga q/11 heterotrimeric G proteins. Immunoreactivity for mGluR1 and mGluR5 are largely complementary in the CNS (Figure 1 ; for a review see Ferraguti and Shigemoto, 2006) . mGluR1 staining is most intense in Purkinje cells (PC) of the cerebellar cortex and mitral/tufted cells of the olfactory bulb. Strong expression is also observed in neurons of the lateral septum, the pallidum, and in the thalamus. mGluR5 on the other hand is observed in the cerebral cortex, hippocampus, subiculum, olfactory bulb, striatum, nucleus accumbens, and lateral septal nucleus. In the hippocampus, mGluR5 is mainly expressed in dendritic fields of the stratum radiatum, whereas mGluR1 is mostly found on cell bodies. Subcellularly, group 1 mGluRs are localized postsynaptically in a perisynaptic zone surrounding the ionotropic receptors (Lujá n et al., 1996) . At excitatory synapses, mGluRs are thus well positioned for rapid and selective regulation of excitatory synaptic strength, for example by redistribution of AMPA and NMDA receptors. Hence, Gp1 mGluRs are known to facilitate or induce both long-term depression (LTD) and potentiation (LTP) of synaptic strength (Anwyl, 1999; Bellone et al., 2008) . Gp1 mGluRs also trigger plasticity of nonsynaptic conductances that lead to enhanced neuronal excitability (Wong et al., 2004) . The bestcharacterized synaptic plasticity induced by Gp1 mGluRs is an LTD of excitatory synaptic strength. mGluR-LTD was first described at the granule cell parallel fiber (PF) synapses onto PC in the cerebellum and subsequently has been demonstrated in diverse brain regions, such as the hippocampus, neocortex, dorsal and ventral striatum, and spinal cord (reviewed in Bellone et al., 2008; Gladding et al., 2009; Jö rntell and Hansel, 2006) . Consequently, much of the detailed molecular mechanisms of cerebellar mGluR-LTD are known, and there is strong evidence for its role in cerebellar-dependent learning (Jö rntell and Hansel, 2006) . The study of hippocampal mGluR-LTD has lead to the discovery of novel cellular mechanisms with implications for disease, but its contribution to normal hippocampal function remains elusive. mGluR-LTD has also been demonstrated in medium spiny neurons (MSNs) of the striatum and dopamine neurons of the midbrain where there is some overlap among the underlying molecular mechanisms. At the systems level, there is strong evidence for a role of mGluR-LTD in goal-directed learning, Parkinson's disease, and drug addiction (Figure 1 ). For the purpose of this review, we will focus on the conserved mGluR-LTD mechanisms, their role in normal brain function, and their implication for neurological diseases and drug addiction. Cerebellar and Hippocampal mGluR-LTD: Conservation of a Postsynaptic LTD Expression Mechanism At both hippocampal CA1 synapses and cerebellar parallel fiber to Purkinje cell (PF-PC) synapses, brief activation of Gp1 mGluRs either by pharmacological or synaptic stimulation induces LTD. mGluR1 is the primary Gp1 mGluR expressed in cerebellar PCs and consequently is solely responsible for PF-PC LTD (Romano et al., 1995; Shigemoto et al., 1992) . Coincident synaptic activation of mGluR1 at PF inputs onto PCs together with PC depolarization provided by climbing fibers from the inferior olive are required to induce LTD. Climbingfiber-mediated depolarization activates voltage-dependent Ca 2+ channels and increases intracellular Ca 2+ concentration in PCs, which together with PF-mediated mGluR1 activation induces LTD specifically of the active PF inputs. The requirement for coincident parallel and climbing fiber activation in the induction of long-term synaptic depression of PF-PC synapses was predicted by learning theorists Marr and Albus as well as the neuroscientist Ito and is a critical component of the learning mechanism (Ito, 1982; reviewed in Jö rntell and Hansel, 2006; Kano et al., 2008) . In hippocampal CA1 pyramidal neurons, mGluR-LTD is typically induced with either prolonged lowfrequency synaptic stimulation (1-3 Hz, 5-15 min) of the CA3 Schaffer collateral axons or brief application of the Gp1 mGluR agonist R,S-dihydroxyphenylglycine (5-10 min; DHPG) and is observed in slice preparations as well as in vivo in awake, behaving rodents (Bolshakov and Siegelbaum, 1994; Huber et al., 2000; Kemp and Bashir, 1999; Manahan-Vaughan, 1997; Naie and Manahan-Vaughan, 2005; Palmer et al., 1997; Volk et al., 2007) . Because the induction and expression mechanisms differ across development (Nosyreva and Huber, 2005; reviewed in Bellone et al., 2008) , here we will focus on mGluR-LTD mechanisms in mature CA1 neurons (>2nd postnatal week in rodents) where most recent work has focused. Although mGluR5 is highly expressed in area CA1, activation of either mGluR1 or mGluR5 appears to be sufficient for agonist-induced LTD (Fitzjohn et al., 1999; Hou and Klann, 2004; Palmer et al., 1997; Volk et al., 2006) . Interestingly, mGluR1 activity is also required for LTD expression in CA1, but the cellular mechanism by which mGluR1 mediates LTD expression is unknown (Volk et al., 2006) . Paired pulses of low-frequency synaptic stimulation (1 Hz; 50 ms interstimulus interval; PP-LFS) induce LTD through activation of Gp1 mGluRs (mGluR1 and -5) in conjunction with the Gq-coupled M1 muscarinic acetylcholine receptors (mAChRs). In other words, mGluR1/5 antagonists alone do not block LTD induced by PP-LFS, but only when combined with an M1 mAChR antagonist (Kemp and Bashir, 1999; Volk et al., 2006 Volk et al., , 2007 . Deafferented cholinergic fibers from the septal nucleus maintain the capacity to release acetylcholine when stimulated extracellularly in the stratum radiatum of acute hippocampal slices (Cole and Nicoll, 1983; Shinoe et al., 2005) , thus explaining the specific contribution of M1 mAChRs to LTD induced with extracellular stimulation, in contrast to chemically induced mGluR-LTD. 
Figure 1. mGluR-LTD in Health and Disease
Experimental evidence suggests the involvement of mGluR-LTD in goal-directed learning and cerebellar circuit adjustment during motor learning. Excessive mGluR-LTD has been linked to Alzheimer's disease and fragile X syndrome, while a loss of mGluR-LTD in the striatum may contribute to Parkinson's symptoms. Finally, reduced mGluR-LTD in the midbrain has been suggested to confer a vulnerability of drug addiction. The group 1 mGluRs, mGluR1 and mGluR5, are differentially expressed in most brain regions and are coexpressed in some, based on Ferraguti and Shigemoto (2006) . mGluR1 expression is indicated by the green cross-hatching, and mGluR5 expression pattern is indicated by the blue cross-hatching. Lighter cross-hatching indicates a lower level of expression.
Gp1 mGluRs are canonically linked to activation of phospholipase C (PLCb), inositol trisphosphate (IP 3 ) generation, release of Ca 2+ from intracellular stores, and protein kinase C (PKC) activation, all of which are required for cerebellar mGluR-LTD (reviewed in Kano et al., 2008) . In contrast, hippocampal mGluR-LTD requires Ga q but occurs independently of postsynaptic Ca 2+ increases, IP 3 -sensitive Ca 2+ stores, PLC, or PKC activity (Fitzjohn et al., 2001; Kleppisch et al., 2001; Moult et al., 2006; K.M.H. and M.F. Bear, unpublished data) , implicating distinct Ga q -dependent signaling pathways. However, it is important to emphasize that most of these findings were obtained using bath application of the Gp1 mGluR agonist DHPG to induce LTD. Recent work using glutamate uncaging onto individual spines of CA1 neurons suggests a role for mGluR-induced Ca 2+ increases in the spine in mGluR-LTD (see Holbro et al., 2009 ). Therefore, it will be important to test the requirement for postsynaptic Ca 2+ and PLC using more physiological, mGluR-LTD paradigms in response to synaptically released glutamate. Although cerebellar and hippocampal mGluR-LTD rely on two distinct mGluR signaling pathways, both ultimately trigger endocytosis of ionotropic AMPA receptor subunits (GluR1 and -2 in CA1 and GluR2 only in PCs) and a long-term reduction in the number of postsynaptic surface AMPARs (Moult et al., 2006; Snyder et al., 2001; Steinberg et al., 2004; Wang and Linden, 2000) (Figure 4) . As discussed below, mGluR-LTD in other brain regions, such as the midbrain and the striatum, can be expressed by other pre-or postsynaptic mechanisms, including insertion of lower-conductance GluR2-containing AMPARs and the retrograde signaling of endocannabinoids. Therefore, mGluR-LTD can come about through a number of expression mechanisms (Bellone et al., 2008; Gladding et al., 2009) . The mechanisms of mGluR-triggered AMPAR endocytosis are best understood in cerebellar PCs. At PCs, mGluR-LTD and AMPAR endocytosis are induced by Ca 2+ -dependent activation of PKC and phosphorylation of GluR2 at Ser880 (Chung et al., 2003; Steinberg et al., 2006) . This GluR2 phosphorylation reduces its affinity for the AMPAR scaffold GRIP, which leads to increased AMPAR endocytosis and reduced surface AMPAR expression (Chung et al., 2003) . In contrast, mGluR-induced LTD and AMPAR endocytosis in CA1 do not require PKC but instead rely on tyrosine dephosphorylation and the tyrosine phosphatase striatal-enriched tyrosine phosphatase (STEP). mGluR activation results in dephosphorylation of GluR2 on Tyr residues, a process that requires STEP (Moult et al., 2002 (Moult et al., , 2006 Schnabel et al., 1999; Zhang et al., 2008) (Figure 4 ). Recent exciting work implicates the matrix metalloproteinase (MMP) TACE (tumor necrosis factor-a-converting enzyme) in mGluR-triggered AMPAR endocytosis underlying both hippocampal and cerebellar mGluR-LTD. Gp1 mGluRs stimulate the enzymatic activity of TACE, which in turn cleaves the intramembrane protein neuronal pentraxin receptor (NPR) to release its extracellular pentraxin domain. The NPR ectodomain cleavage product clusters AMPARs through extracellular interactions and stimulates their endocytosis (Cho et al., 2008) (Figure 4 ). The discovery of mGluR-induced regulation of TACE and NPR cleavage revealed a novel mechanism by which mGluRs invoke synaptic plasticity. Therefore, many questions remain, such as: How do mGluRs regulate or couple to TACE activation? How does NPR-induced clustering of AMPARs interact with Tyr dephosphorylated GluR2 or other endocytic proteins implicated in mGluR-LTD, such as Arc (as discussed below)? Furthermore, determining whether mGluRs activate other MMPs or intramembrane cleavage of other known TACE substrates such as TNFa or amyloid precursor protein (APP) will be important to understand the complexities of mGluR regulation of synaptic function and its involvement in disease (Black, 2002; Blobel, 2000) . It is important to point out that there are distinct forms of LTD, independent of mGluRs that coexist at CA1 synapses and the nucleus accumbens. These forms typically rely on activation of NMDA receptors (NMDARs). Like mGluR-LTD, NMDAR-dependent LTD is mediated by decreases in postsynaptic AMPAR number, but has distinct molecular mechanisms. mGluR-LTD and NMDAR-LTD may also be induced at distinct synapses or affect distinct populations of surface AMPARs. In support of the former, two-photon uncaging of glutamate onto individual In medium spiny neurons of the dorsal striatum, excitatory afferents from the cortex and dopamine fiber arising from the substantia nigra converge. If Gp1 mGluRs and D2Rs are activated concomitantly, endocannabinoids, most likely anandamide, are synthesized and released from the MSN. This retrograde messenger activates presynaptic CB1 receptors and reduces release probability via inhibition of calcium channels, cAMP, and PKA, such that Rab3a-and Rim1a-dependent exocytosis is reduced. In Parkinson's disease, dopamine afferents are absent, and mGluR-LTD is reduced as a consequence. This leads to increased indirect pathway activity (i.e., more inhibitory output from the GABAergic MSNs) and a reduction of spontaneous movements.
spines of CA1 neurons expressing fluorescent endoplasmic reticulum (ER) proteins revealed that spines with an ER were susceptible to mGluR-LTD; whereas spines without an ER were refractory to LTD induction (Holbro et al., 2009 ). ER-containing spines were larger in volume and responded to glutamate with larger synaptic currents as well as mGluR-mediated Ca 2+ transients, suggesting a role for Ca 2+ released from ER stores in hippocampal mGluR-LTD. Importantly, these data provide evidence that mGluR-LTD may function to selectively weaken strong synaptic inputs and/or destabilize stable, mature spines. A corollary of this hypothesis is that NMDAR-dependent LTD is more prevalent at smaller spines and/or weaker synapses without an ER. Recent evidence supports this view. A structural correlate of NMDAR-LTD is the separation of spines from their associated presynaptic boutons, the latter of which selectively occurs at smaller spines (Bastrikova et al., 2008; Becker et al., 2008) . Interestingly, although mGluR-mediated Ca 2+ transients spread to neighboring spines, these synapses were not depressed functionally, suggesting an additional role for the ER in maintaining spine-specific mGluR-LTD. The fact that the ER is also a site of ribosome localization supports data implicating local, synaptic translation in mGluR-LTD (as discussed below). Striatal and Mesolimbic mGluR-LTD: Cell-Type-Specific Plasticity and Circuit Function In the striatum, excitatory synaptic inputs from cortical neurons can undergo mGluR-LTD. Such cortico-striatal afferents impinge on both the neurons of the direct and the indirect striatal pathways. In both cases, excitatory afferents synapse on the socalled medium spiny neurons (MSN) that send out GABAergic projections. While direct-pathway MSNs monosynaptically project to the output neurons of the basal ganglia, indirectpathway neurons first connect to the medial globus pallidus and the subthalamic nucleus before reaching the output nuclei ( Figure 2 ). The two types of neurons also express distinct sets of receptors. D1 and M4 muscarinic receptors mark directpathway MSNs, while D2 receptors are exclusively expressed on indirect-pathway MSNs. Recently, mice expressing GFP under the control of M4 receptor (M4-GFP) or dopamine D2
receptor (D2-GFP) promoter allowed the visualization of directand indirect-pathway neurons, respectively, in living tissues (Gerfen, 2006) . Meanwhile, several similar mouse lines that express large constructs have been generated, thanks to bacterial artificial chromosome (BAC) technology, and improved our understanding of the role in plasticity for shaping the striatal networks (for a recent review see Kreitzer and Malenka, 2008) . Previous work has shown that MSNs in general are capable of expressing forms of mGluR-LTD independent of NMDA receptor activation but suggested a dependence of D2 receptors (Calabresi et al., 1997) . Thanks to BAC-transgenic mice, which express GFP selectively in D1/M4-or D2-expressing neurons, two distinct forms of LTD have recently been extensively characterized. They are both induced by the activation of postsynaptic mGluRs, require endocannabinoids as retrograde messengers, and are expressed by presynaptic mechanisms. A striking difference is that mGluR-LTD in MSNs of the indirect pathway requires D2 receptor activation, while LTD in direct neurons is blocked when D1 receptors are activated (Kreitzer and Malenka, 2007; Shen et al., 2009) . In all MSNs, LTD is typically initiated by high-frequency stimulation (10-15 Hz; HFS; or strong pharmacological activation of the mGluRs), which triggers an induction mechanism in the postsynaptic neuron, followed by the presynaptic expression of the plasticity (Choi and Lovinger, 1997) ( Figure 2 ). An endocannabinoid, most likely anandamide, serves as the retrograde signal originating in the postsynaptic cell and affecting transmitter release in the presynaptic partner. This mechanism has been formally demonstrated only for indirectpathway MSNs (Gerdeman et al., 2002) . Other authors have therefore classified striatal LTD of glutamatergic transmission among the eCB-LTDs (Heifets and Castillo, 2009 ). Here, we will keep with a nomenclature that makes reference to the induction mechanism: mGluR-LTD (Bellone et al., 2008) . When LTD is elicited in slice preparations of the dorsal striatum, extracellular HFS concomitantly activates glutamatergic axons from the cortex and dopaminergic fibers arising from the midbrain. This activates Gp1 mGluRs along with D2 receptors in indirectpathway MSNs. Several experiments led to the conclusion that D2 receptor activation gates the induction of mGluR-LTD in these neurons. In fact, mGluR agonists alone will only transiently depress synaptic transmission, while, in the presence of a D2 agonist, LTD is observed (Kreitzer and Malenka, 2007) . D2R are Gio coupled, hence liberating Gbg dimers, which can recruit and activate PLCb (Hernandez-Lopez et al., 2000) , eventually triggering the synthesis and release of endocannabinoids. In addition, L-type voltage-gated calcium channels may also positively modulate the mobilization of the endocannabinoids. Clearly, pharmacological stimulation of CB1 receptors alone is not enough to cause mGluR-LTD in the dorsal striatum, and there is a requirement for low-frequency presynaptic activity during CB1R activation (Singla et al., 2007) . The concomitant activation of CB1 receptors and presynaptic activity has been proposed to confer synapse specificity to mGluR-LTD, thus limiting volume transmission of endocannabinoids. Although MSNs express higher levels of mGluR5 relative to mGluR1, pharmacological evidence suggests that the mGluR1 is the primary receptor to drive mGluR-LTD in the striatum (Gubellini et al., 2001 ), but these findings await confirmation in genetic mouse models.
For direct-pathway MSNs, in contrast, a precisely timed activation of the pre-and the postsynaptic neurons (i.e., a spike-time-dependent plasticity [STDP] protocol) is very efficient to induce mGluR-LTD, provided D1 receptors are pharmacologically blocked (Shen et al., 2008) . As mentioned above, in both types of MSNs, endocannabinoids diffuse retrogradely to the presynaptic terminal where they bind to CB1 receptors and reduce the release probability, presumably through inhibition of calcium channels and inhibition of adenylyl cyclase and PKA. It is believed that mGluR-LTD is maintained by a steady production of endocannabinoids, although the experimental evidence remains controversial. Alternatively, CB1 signaling may permanently reduce the release probability. Although not directly tested in the striatum, in other parts of the brain once LTD is established, washing in a CB1 antagonist typically does not reverse the depression (Heifets and Castillo, 2009 ). For example, mGluR-and eCB-dependent LTD of GABAergic synaptic transmission onto hippocampal CA1 neurons is expressed by an alteration of the release machinery through an effect on the active-zone protein RIM1a (Chevaleyre et al., 2007; Schoch et al., 2002) .
In the ventral striatum, a similar form of mGluR-LTD can be observed. In MSNs of the NAc, Gp1 mGluRs are also expressed postsynaptically, and their activation eventually leads to the release of endocannabinoids and a long-lasting decrease of the presynaptic release probability (Robbe et al., 2002) . Efficient protocols to induce LTD require sustained high-frequency stimulation (e.g., 10-15 Hz for 1 min), presumably so that enough glutamate is released to reach the perisynaptically located mGluRs by diffusion. Pharmacological stimulation of mGluRs is sufficient to induce LTD. However, the in vivo pre-exposure of the animal to a single injection of tetrahydrocannabinol (THC) or cocaine will block the expression of LTD through an unknown mechanism (Fourgeaud et al., 2004) . Future studies will have to address the question whether heterogeneity in the neuronal population (and therefore plasticity) of the NAc exists, similar to the one described for the dorsal striatum.
Taken together, mGluR-LTD is expressed throughout the striatum. In the dorsal part, dopamine gates mGluR-LTD, albeit with opposing polarity. In the indirect pathway, the presence of dopamine promotes LTD, while in the direct pathway dopamine prevents LTD. Whether a similar segregation also exists in the ventral striatum remains to be shown. mGluR-LTD contributes to balance direct and indirect pathways, dominated by a longlasting inhibitory effect on the indirect pathway (Surmeier et al., 2007) . The crucial role of dopamine in controlling plasticity has received much attention, because studies in awake nonhuman primates suggest that dopamine release from midbrain neurons represents a learning signal shaping goal-directed actions (see below; Schultz, 2006) .
In dopamine neurons of the VTA, normally no mGluR-LTD is observed, even when Gp1 mGluRs are strongly stimulated. The plasticity can be unmasked after an exposure to an addictive drug, such as cocaine. In fact, mGluR-LTD has been identified as the mechanism by which cocaine-evoked potentiation of excitatory afferents onto dopamine neurons is reversed (Figure 3 ) (Bellone and Lü scher, 2006) and could therefore also be referred to as an mGluR depotentiation. In drug-naive mice, pharmacological activation of Gp1 mGluRs only transiently affects synaptic transmission. This short-term depression involves retrograde release of endocannabinoids, which in the VTA unlike the NAc does not seem to permanently affect excitatory transmission but may be involved in LTD of GABAergic transmission (Pan et al., 2008) . Pharmacological experiments in KO mice suggest that the short-term depression is mediated by mGluR5, while mGluR-LTD is induced by mGluR1. At the same synapse, another form of LTD coexists that can be observed in acute midbrain slices. When excitatory afferents onto DA neurons are stimulated with a low frequency (e.g., 1 Hz for 15 min), a form of LTD is triggered that depends neither on mGluRs nor NMDAR but is regulated by PKA (Gutlerner et al., 2002) .
The expression mechanism of mGluR-LTD in the VTA is unique. Rather than reducing the number of AMPA receptors (see above), mGluR-LTD in the VTA relies on an exchange of receptors with a distinct subunit composition (Figure 3) . Typically, in naive rodents, AMPARs are GluR2-containing heteromers, as in many other parts of the brain. Within hours of a single exposure to cocaine, a substantial fraction of AMPARs become GluR2 lacking, and excitatory transmission therefore becomes calcium permeable. Activation of mGluR1 causes the selective removal of the GluR2-lacking AMPARs that are then replaced with GluR2-containing ones. mGluR-Dependent LTD: A Model of Rapid Translational Control of Synaptic Function A common cellular mechanism for mGluR-LTD in many brain regions, including cerebellar PCs, hippocampus, VTA, and probably also striatum, is the reliance on rapid (in minutes) protein synthesis (Huber et al., 2000; Karachot et al., 2001; Mameli et al., 2007; Waung and Huber, 2009 ). The rapid requirement for translation in mGluR-LTD predicts a role for locally synthesized proteins (Figure 4 ). This was first demonstrated in the CA1 pyramidal neurons, where the protein synthesis required for LTD occurs in dendrites (Huber et al., 2000) . As mentioned above, activation of Gq-coupled, M1 muscarinic acetylcholine receptors (mAChRs), either with synaptic stimulation (PP-LFS) or an M1 mAChR agonist, induces LTD onto CA1 neurons that shares similar mechanisms as mGluR-LTD (Volk et al., 2007) . Therefore, Gq-coupled receptors activate a common postsynaptic, protein-synthesis-dependent LTD mechanism that is mediated by a persistent decrease in AMPAR number. It has been hypothesized that Gq-coupled receptors stimulate the rapid local synthesis of new proteins, which participate in the regulation of AMPAR endocytosis and/or trafficking after endocytosis (Figure 1 ). For the purpose of this review, these newly synthesized proteins will be referred to as ''LTD proteins.'' Although mGluR-LTD in the striatum and the VTA is mediated by distinct pre-or postsynaptic mechanisms from hippocampal and cerebellar mGluR-LTD, these forms of synaptic plasticity also rely on rapid protein synthesis (Mameli et al., 2007; Yin et al., 2006) . From the study of translation-dependent mGluR-LTD, researchers have gained knowledge of how synaptic activity regulates dendritic translation, what and how newly synthesized proteins alter synaptic function, and discovered how disease-linked proteins with translational control functions impact synaptic plasticity (Costa-Mattioli et al., 2009; Waung and Huber, 2009) . It is important to note that mGluR-LTD occurs independently of protein synthesis under some circumstances, for example, in hippocampal area CA1 in the fragile X syndrome disease model Nosyreva and Huber, 2006) (discussed below) and in older rodents (3-4 months old) (Moult et al., 2008 ; but see Kumar and Foster, 2007) . Interestingly, mGluR-LTD under these conditions is mediated by a similar postsynaptic mechanism as translation-dependent LTD (i.e., tyrosine dephosphorylation and/or AMPAR endocytosis) (Kumar and Foster, 2007; Moult et al., 2008; Nosyreva and Huber, 2006) . This result suggests that protein synthesis is dispensable for mGluR-LTD if existing levels of ''LTD proteins'' are sufficient to maintain decreases in surface AMPARs and LTD.
Work in the last year has made great progress in determining the identity of the ''LTD proteins'' with regard to hippocampal mGluR-LTD. From these studies, a picture is emerging in which 
mGluR Reverses Cocaine-Evoked Synaptic Plasticity
Excitatory afferents onto dopamine neurons of the VTA are potentiated after cocaine exposure by the insertion of GluR2-lacking AMPARs. This drugevoked plasticity can be reversed by mGluR-LTD elicited by strong activation of the excitatory afferents.
mGluRs synthesize a number of functionally related proteins that impact AMPAR trafficking. Recent work has implicated activityregulated cytoskeletal associated protein (Arc) in mGluR-LTD Waung et al., 2008) . Arc associates directly with dynamin 2 and endophilin, components of AMPAR endocytosis machinery, and functions to increase AMPAR endocytosis and decrease surface AMPARs Rial Verde et al., 2006; Shepherd et al., 2006) . Consistent with this role, existing Arc protein is necessary for mGluRs to trigger AM-PAR endocytosis and LTD (Figure 4) . The Arc gene is well known as an activity-dependent immediate-early gene that upon induction the Arc mRNA rapidly localizes to dendrites (Link et al., 1995; Steward et al., 1998; Steward and Worley, 2001 ). In dendrites, Arc is rapidly (5 min) translated in response to group 1 mGluRs, and this rapid synthesis is required to maintain decreases in surface AMPARs and LTD. Interestingly, Arc levels remain elevated for the duration of LTD (at least 1 hr), and evidence suggests that Arc actively maintains LTD through a persistent increase in the endocytosis rate of AMPARs Waung et al., 2008) . Importantly, Arc transcription is induced by neuronal activity associated with salient experiences and learning (Guzowski et al., 1999 (Guzowski et al., , 2006 Link et al., 1995; Lyford et al., 1995) . Because mGluR-LTD relies on rapid Arc translation, it may participate in the encoding of Arc-inducing experience.
mGluRs induce rapid translation of other proteins that regulate AMPAR trafficking, such as microtubule associated protein 1b (MAP1b) and STEP. STEP and MAP1b negatively regulate AMPAR surface expression and are required for mGluRs to reduce AMPAR surface expression, suggesting that they contribute to mGluR-LTD (Davidkova and Carroll, 2007; Zhang et al., 2008) . STEP synthesis may function in LTD to dephosphorylate GluR2 and to maintain an increased endocytosis rate (Zhang et al., 2008; Moult et al., 2006) . MAP1b interacts with a GluR scaffold, GRIP, and may function to sequester GRIP and associated AMPARs from the synaptic surface (Davidkova and Carroll, 2007; Seog, 2004) . In summary, mGluRs stimulate a coordinated translation of proteins that together reduce surface AMPAR expression. The ''LTD proteins'' that underlie cerebellar mGluR-LTD are unknown. Because the late phase of cerebellar LTD relies on newly translated proteins to maintain surface AMPAR decreases, Arc and MAP1b may play a similar role in the cerebellum.
Although mGluR-LTD in the VTA and striatum is expressed via distinct postsynaptic or presynaptic mechanisms, it also requires rapid protein synthesis, suggesting a common mechanism by which mGluRs invoke plasticity. As mentioned above, in dopamine neurons of the VTA, mGluR-LTD is expressed by insertion of lower-conductance, GluR2-containing AMPARs (Bellone and Lü scher, 2005) . Interfering selectively with the synthesis of GluR2 through the diffusion of siRNA into the postsynaptic dopaminergic neuron blocked mGluR-LTD (Mameli et al., 2007) . In other words, one of the proteins that needs to be synthesized in order to express mGluR-LTD in these neurons is GluR2, which is then reinserted into AMPARs that are built from scratch within minutes (Figure 3 ). Only one report has examined the protein-synthesis dependence of striatal mGluR-LTD, albeit without distinguishing direct-and indirect-pathway neurons (Yin et al., 2006) . They find that in a slice preparation, where presynaptic cell bodies (i.e., the soma of the cortical neurons) had been surgically removed, the bath application but not postsynaptic filling of the MSN with the protein synthesis Known proteins whose synthesis is stimulated by mGluRs and that play a role in mGluR-LTD include Step, Map1b, Arc, and APP. These proteins are known to regulate and/or stimulate AMPAR endocytosis.
(B) In the absence of FMRP, as in fragile X syndrome, mGluRs stimulate endocytosis of AMPARs, but it is unknown whether the mechanisms are similar to those at normal synapses. In Fmr1 KO mice, there are increased steady-state translation rates and protein levels of MAP1b and APP, as well as a deficit in mGluR stimulation of translation. mGluR-LTD in the fragile X syndrome mouse model (Fmr1 KO mice) is enhanced and independent of translation, suggesting that the ''LTD proteins'' are available to maintain persistent decreases in AMPARs and LTD.
inhibitor anisomycin blocked mGluR-LTD. These results would suggest a presynaptic or astroglial locus of the protein synthesis. mGluR Regulated Translational Activation in Neurons Translational regulation is a major mechanism by which mGluRs induce plasticity, and therefore defining the signaling pathways by which mGluRs control translation provides insight into the plasticity mechanisms. Current evidence indicates that Gp1 mGluRs regulate translation at both the level of translation initiation and elongation (as reviewed in Costa-Mattioli et al., 2009; Waung and Huber, 2009 ). Briefly, mGluRs appear to stimulate translation initiation through two major signaling pathways: the ERK-MAPK and PI3K-mTOR pathways. To initiate translation, mGluRs trigger phosphorylation of eukaryotic initiation factor 4E (eIF4E) and eIF4E binding protein (4EBP) as well as stimulate formation of the translation initiation (eIF4F) complex via the ERK and PI3K-mTOR signaling pathways (Banko et al., 2006; Ronesi and Huber, 2008a; Waung and Huber, 2009) . mGluR activation of PI3K, mTOR, and ERK also stimulates phosphorylation of p70 ribosomal S6 kinase (RSK) and ribosomal S6 in hippocampal slices, which functions to increase translation of a subset of mRNAs (those with a 5 0 terminal oligopyrimidine tract; 5 0 TOP) that encode ribosomes, translation factors, thus increasing the overall translational capacity of the neuron (Antion et al., 2008; Ronesi and Huber, 2008a) . mGluR-LTD in CA1 relies on activation of both ERK and the PI3K-mTOR pathway (Gallagher et al., 2004; Hou and Klann, 2004) . Similarly, mGluR-LTD in other brain regions, such as the cerebellum and bed nucleus of the stria terminalis (BNST), also rely on ERK (Grueter et al., 2006; Ito-Ishida et al., 2006) , whereas mTOR is required for LTD in the VTA (Mameli et al., 2007) .
Interaction of the mGluR5 C-terminal tail with the scaffold and signaling molecule Homer forms a critical link between mGluRs and activation of the translational apparatus as well as mGluR-LTD induction. Multimerization of Homer molecules scaffolds mGluR5 to PI3K enhancer (PIKE), a small GTPase that binds PI3K and stimulates its lipid kinase activity (Rong et al., 2003) . Acute disruption of mGluR5-Homer interactions in hippocampal slices blocks mGluR-LTD, as well as mGluR stimulation of PI3K-mTOR, translation initiation, and synthesis of elongation factor 1a (EF1a), a 5 0 TOP mRNA (Ronesi and Huber, 2008a) . As discussed below in the context of mGluR-LTD and addiction, mGluR1-Homer interactions in the VTA in vivo are required for mGluR1-LTD and reversal of cocaine-induced plasticity in this brain region (Mameli et al., 2009) . mGluRs control translation elongation, which also occurs through Homer interactions (Davidkova and Carroll, 2007; Park et al., 2008) . mGluR5 forms direct and indirect (via Homer) association with Ca 2+ /calmodulin-dependent eukaryotic elongation factor 2 kinase (EF2K) . Although somewhat counterintuitive, evidence indicates that mGluR5 inhibits translation elongation through stimulation of EF2K, which, as the name implies, phosphorylates eukaryotic elongation factor 2 (EF2). Although phosphorylation of EF2 generally inhibits elongation, this is thought to make available more initiation factors for poorly initiated mRNAs such as Arc and MAP1b. In support of this hypothesis, mGluR-stimulated Arc and MAP1b synthesis, as well as mGluR-LTD, are abolished with EF2K knockdown or KOeffects that are rescued by low concentrations of cycloheximide, a translation elongation inhibitor (Davidkova and Carroll, 2007; Park et al., 2008) . Therefore, mGluR5 activation, through a Homer scaffold, concurrently stimulates translation initiation while slightly inhibiting elongation, which coordinates translational activation of specific mRNAs required for LTD. The RNA-binding protein fragile X mental retardation protein (FMRP) also contributes to the specificity of Gp1 mGluR translational activation of specific mRNAs as discussed below (Ronesi and Huber, 2008b; Waung and Huber, 2009 ).
mGluR-Dependent LTD, Goal-Directed Learning, and Neurological Disease of the Striatum As developed above, striatal dopamine may represent a learning signal that is released when an unexpected rewarding outcome signals the need to change a behavior (Schultz, 2006) . In such as model, striatal synaptic plasticity under the modulatory control by dopamine may serve as the mechanism underlying rewarddriven learning. Under normal conditions, DA neurons of midbrain exhibit a firing pattern that reflects a prediction error signal: when an unexpected reward is given, firing increases; when reward occurs as expected, that firing does not change; and when a promised reward is omitted, DA neurons are inhibited (Schultz, 2006) . It has been argued that dopamine facilitates the learning of the circumstances under which rewards are obtained.
In general, activity in direct-pathway neurons is believed to select appropriate actions while indirect-pathway connections would inhibit unnecessary actions or movements. Changes in the balance between these two pathways, caused by synaptic plasticity, will therefore help to shape the most appropriate action. While most empirical evidence to support this conclusion is based on experiments aiming at interfering with LTP (e.g., local infusion of NMDA receptor antagonists), LTD may also shape goal-directed learning and, when deficient, explain key symptoms of Parkinson's (PD) and addiction. Parkinson's Disease In PD, dopamine levels in the striatum are reduced because midbrain neurons degenerate. This first affects the DA neurons of the substantia nigra compacta, and as a consequence, a characteristic motor phenotype develops that is dominated by the reduction of spontaneous movements. Patients also have an increased muscle tone, referred to as rigidity, execute movements much slower than normal (bradykinesia), and tremble (tremor). Several mouse models for PD exist. For example, neurotoxins selectively targeting dopamine neurons (e.g., 5-OH-dopamine) cause their degeneration and lead to a motor phenotype in rodents that mimics core components of the human disease. Obviously, these models have been used to study the underlying cellular mechanism, and one of the most prominent functional alterations is the absence of indirectpathway mGluR-LTD (Kreitzer and Malenka, 2007; Shen et al., 2008) . As a result, the balance is shifted toward LTP within the striatum, and the activity in the indirect pathway may actually be enhanced, ultimately excessively inhibiting movements. Support for this interpretation comes from rescue experiments with dopamine agonists in the mouse model but also from the clinical observation that D2 receptor agonists are among the most efficient symptomatic treatments of PD. Of particular interest here is the observation that a partial restoral of indirectpathway mGluR-LTD by inhibition of the degradation of endocannabinoids in combination with D2 receptor activation enhances locomotor activity in dopamine-depleted mice (Kreitzer and Malenka, 2007) . The situation may however be more complicated because dopamine obviously does much more that controll LTD. For example, it can hyperpolarize MSNs through D2 receptors and G protein gated inwardly rectifiying potassium (GIRK) channel opening, and dopamine also modulates direct-pathway activity. To further investigate the role of mGluR-LTD in PD, optogenetic tools may turn out to be very helpful, which will allow for cell-type-specific intervention in freely moving rodents. A report recently appeared that deconstructed the parkinsonian circuitry by transfecting neurons in the striatum and the basal ganglia with the excitatory channelrhadopsin or the inhibitory halorhodopsin (Gradinaru et al., 2009 ). The results suggest that manipulations of synaptic transmission (and therefore also synaptic plasticity) rather than direct modulation of neuronal excitability are the most efficient manipulations to improve the motor deficit. Moreover, light-activated control of G protein signaling by transfection of the so-called OptoXRs (Airan et al., 2009 ) may also allow direct probing of the role of mGluRs in a more physiological setting in the future. Addiction mGluR1 as well as mGluR5 have been implicated in addiction, and recent evidence suggests that this effect may be mediated via synaptic plasticity. On the other hand, direct and indirect modulation of synaptic plasticity by addictive drugs has received much attention because there is an emerging consensus that addiction ultimately is a disease of goal-directed learning (Hyman, 2005; Redish et al., 2008) . In brief, this model posits that drugs promote the learning of drug-related behaviors with such efficiency that they become compulsive. Excessive levels of dopamine in response to the exposure to an addictive drug would be permissive for a pathological form of synaptic plasticity of glutamatergic transmission. With normal rewards, the learning signal becomes quiescent (no dopamine release) once the behavior is predictive of the outcome, and addictive drugs override this mechanism (Redish, 2004) . On the cellular level, there is a myriad of studies that indicate that addictive drugs evoke long-term alterations of synaptic transmission in the mesolimbic dopaminergic system (Kauer and Malenka, 2007) . Such pathologic plasticity has been observed in many parts of the brain and starts with an LTP-like potentiation of excitatory synapses formed onto dopamine neurons in the midbrain hours after a single injection of cocaine (Ungless et al., 2001) or other addictive drug (Saal et al., 2003) . In vitro as well as in vivo studies now show that mGluR-LTD allows reversing the early synaptic effects of cocaine (Bellone and Lü scher, 2006; Mameli et al., 2007) . It is important to realize that these initial changes certainly do not constitute the molecular mechanism of addiction but only represent first steps in the induction of the disease. In fact, a recent study shows that the persistence of the cocaine-evoked synaptic potentiation in the VTA is required for subsequent synaptic adaptations in the NAc (Mameli et al., 2009 ). mGluR-LTD may therefore serve as a defense mechanism that limits synaptic adaptations to the VTA. In other words, when mGluR1 function is overruled by repeated exposure to cocaine, one observes much more persistent changes, first in the ventral striatum that may then be followed by adaptations in the dorsal striatum (Belin and Everitt, 2008) following established anatomical connections (Haber et al., 2000) . In the VTA, mGluR1 needs to bind to Homer isoforms to induce LTD. When this protein-protein interaction is disrupted through the introduction of a TAT-conjugated dominant-negative peptide (to allow for cell-membrane permeation), plasticity in response to a single injection of cocaine becomes persistent and drives synaptic adaptations in the NAc that normally require several injections.
Conversely, enhancing mGluR1 function with a positive modulator prevents synaptic adaptations in the NAc even when cocaine is given daily for a week (Knoflach et al., 2001; Mameli et al., 2009) . Finally, preventing the induction of cocaine-evoked plasticity in dopamine neurons of the VTA by the conditional cell-type-specific removal of the NR1 subunit of the NMDA receptors normally required for its induction leads to reduced reinstatement of conditioned place preference and attenuated cue-induced cocaine seeking (Engblom et al., 2008) . While this implicates cocaine-evoked plasticity in the mesolimbic system, it remains to be shown whether mGluR-LTD will also reverse the behavioral changes. It is possible that once the information has been relayed to the NAc, reversal in the VTA becomes inefficient.
Using behavioral rodent models of the disease, several studies link mGluR-LTD in the NAc to core components of drug addiction, such as locomotor sensitization, conditioned place preference, or cue-induced reinstatement (for a recent review see Goto and Grace, 2008) . As discussed above, mGluR-LTD in the NAc follows the scheme of postsynaptic induction-presynaptic expression (see above). Ex vivo studies on brain slices of rats that have been exposed to several injections of cocaine show a depression of AMPA-mediated transmission (Thomas et al., 2008) that is expressed by a reduction of receptors and occlusion of further mGluR-dependent LTD. This LTD via removal of AMPARs probably does not require mGluR activity in vivo, but the role of these receptors has not been directly investigated. Cocaine-evoked synaptic plasticity may therefore represent the cellular correlate of a metaplasticity, where cocaine exposure precludes subsequent induction of LTP and LTD in the NAc. Synaptic plasticity can be restored by in vivo application of n-acetyl cysteine, an activator of the cysteine-glutamate exchanger. This effect relies on the increase of ambient glutamate levels, which then ensure basal mGluR5 activation required for LTD . Once LTD in the NAc is restored, rats are again able to self-administer cocaine. This model is supported by the observation that a blockade of mGluR5 inhibits cocaine-induced lever pressing, whereas a positive allosteric modulator of mGluR5 occluded the effects of n-acetyl cysteine. These recent findings in rats are in line with earlier observations in mGluR5 knockout mice that display reduced self-administration. Once these models have been investigated at the cellular level, these interpretations will certainly need refinement.
While the idea of mGluR-LTD as an endogenous defense mechanism against drug-evoked plasticity is appealing, it is important to realize that other types of vulnerability have been postulated that may interfere downstream of the early changes in the VTA (Redish et al., 2008) . Clearly, additional tools will be required to probe its role. Conditional inducible gene deletion may be of help. In addition, direct activation of G proteincoupled receptors in neurons of the NAc through optogenetic tools as reported recently has only scratched the surface (OptoXR; Airan et al., 2009) . In a first step, viral vectors were used to transduce chimeric proteins made of the light-sensitive rhodopsin and the cytoplastic portion of either a Gq-or Gscoupled receptor in neurons of the NAc in vivo. The mice were then put in a chamber with two compartments, and OptoXRs were activated in only one of the two. Interestingly, Gq activation caused the strongest place preference, followed by Gs pathway activation, while increased excitability (transfection of ChR2) did not lead to any preference. These data suggest that activation of G protein-dependent signaling pathways rather than cellular excitability are required for the behavioral changes. Although not directly addressed in these studies, G proteins mediate their effects most likely through synaptic plasticity such as the mGluR-LTD.
Role of Gp1 mGluR-LTD in Cerebellar and Hippocampal Learning and Diseases of Cognition
Computational and empirical evidence suggests that memories are encoded by a combination of synapse strengthening and weakening that creates unique patterns of neuronal network activity to encode experience (Bear and Linden, 2001; Kemp and Manahan-Vaughan, 2007) . mGluR-LTD at the PF-PC synapse in the cerebellar cortex was first predicted to mediate cerebellar-dependent learning that culminated in the Marr-Albus-Ito theory of cerebellar learning. mGluR-LTD at this synapse is one of the best understood examples of how synaptic plasticity contributes to a learned behavior in the mammalian brain and has therefore been extensively reviewed (Jö rntell and Hansel, 2006; Kano et al., 2008) . In brief, as mentioned above, mGluR-LTD of PF-PC synapse occurs when PF inputs are coactive with the climbing fiber inputs (CF) onto PCs. CF activity relays the occurrence of an ''error signal'' during learning or adaptation of a reflex. The contribution of PF-PC LTD to learning is best understood in the context of the adaptation of the vestibular ocular reflex (VOR). Briefly, the VOR functions to maintain stability of a retinal image during head movement. The basic reflex consists of vestibular sensory afferents that activate vestibular nuclei and, in turn, oculomotor neurons. Vestibular afferents also activate the mossy fiber inputs onto granule cells, which give rise to PF inputs on PCs. PCs provide inhibitory input to the vestibular nuclei and therefore can modify the VOR. Importantly, the CF inputs to PCs are activated during a retinal slip; that is when a stable retinal image is not maintained during head movement and thus constitutes an error signal. Therefore, an associative LTD mechanism weakens PF synapses that were active during the inappropriate vestibular signal (coded by CF activity), which in turn modifies the PC inhibitory output to vestibular nuclei and ultimately oculomotor output and eye movement to maintain a stable retinal image (reviewed in Jö rntell and Hansel, 2006) . There are other forms and sites of plasticity in the cerebellum that modify cerebellar circuitry during learning, but the wealth of evidence indicates that mGluR-LTD at the PF-PC synapse is crucial for cerebellar-mediated learning (Jö rntell and Hansel, 2006; Kano et al., 2008) .
Hippocampal and Perirhinal mGluR-Dependent LTD: Role in Encoding Novelty?
Although much is known of the cellular mechanisms of hippocampal mGluR-LTD, little is known about the contribution of this form of plasticity to hippocampal-dependent learning. Antagonism or genetic deletion of mGluR5 impairs both acquisition and extinction of hippocampal-dependent learning tasks, such as radial arm maze or Morris water maze (Lu et al., 1997; Manahan-Vaughan and Braunewell, 2005; Naie and ManahanVaughan, 2004; Xu et al., 2009 ). However, mGluR5 antagonism also impairs the late phase of LTP in both CA1 and dentate gyrus, making the contribution of mGluR-LTD to hippocampal learning and memory unclear (Lu et al., 1997; Manahan-Vaughan and Braunewell, 2005; Naie and Manahan-Vaughan, 2004) . A specific role for hippocampal LTD in encoding novelty has been suggested from work by Manahan-Vaughan and colleagues using chronic in vivo recordings in awake behaving rats. Exploration of novel objects placed in a hole board facilitates induction of LTD in both CA1 and dentate gyrus in response to baseline synaptic stimulation, whereas exploration of an empty hole board facilitates LTP (Kemp and Manahan-Vaughan, 2004, 2007; Manahan-Vaughan and Braunewell, 1999) . Interestingly, LTD can be specifically facilitated in either dentate gyrus or CA1 depending on the nature of the novel cues. CA1 LTD is enhanced by small novel features, whereas large novel orientational cues facilitate LTD in the dentate gyrus (Kemp and Manahan-Vaughan, 2008) . From this work it has been suggested that LTD in CA1 contributes to encoding the spatial arrangement of novel objects. The current challenge for scientists in the field is to link what is known about the cellular mechanisms of mGluR-LTD from slice and culture preparations to experience-dependent alterations in synaptic efficacy in the hippocampus and hippocampal learning. Gp1 mGluRs and protein synthesis are required for stimulationinduced LTD in area CA1 and dentate gyrus in vivo, and novelty exposure induces Arc transcription in CA1 neurons (Guzowski et al., 2006; Kelly and Deadwyler, 2002; Manahan-Vaughan, 1997; Manahan-Vaughan et al., 2000; Naie and Manahan-Vaughan, 2005; Ons et al., 2004) . Future experiments are required to determine whether mGluRs and Arc translation play a role in noveltymediated LTD or the encoding of novel object place.
In the perirhinal cortex, Bashir and colleagues have provided strong evidence for a role of Gq-coupled receptor (mGluR and mAChR) dependent LTD and object recognition memory (Jo et al., 2006; Massey and Bashir, 2007; Massey et al., 2001; Warburton et al., 2003) . Responses of perirhinal neurons respond strongly to novel visual stimuli but more weakly when the same stimuli are presented later (within 24 hr), thus providing a mechanism to differentiate between a familiar or novel object (Brown and Aggleton, 2001; Brown and Xiang, 1998) . LTD in the perirhinal cortex relies on group 1 mGluR, mAChRs, and protein synthesis, and blockade of these Gq-coupled receptors or AMPAR endocytosis in the perirhinal cortical region impairs object recognition memory (Griffiths et al., 2008; Jo et al., 2006; Massey and Bashir, 2007; Massey et al., 2001; Warburton et al., 2003) . Fragile X Syndrome Mental Retardation A link between mGluR-LTD and cognitive disease was suggested by the finding that hippocampal and cerebellar mGluR-LTD are altered in a mouse model of mental retardation and autism, fragile X syndrome (FXS), which has lead to novel therapeutics for FXS acting at mGluR5. Fragile X syndrome results from loss-of-function mutations in Fmr1, which encodes an RNA-binding protein, fragile X mental retardation protein (FMRP) (Bassell and Warren, 2008) . FMRP associates with dendritic mRNAs and RNA granules, as well as translating polyribosomes and is hypothesized to function as a translational regulator of dendritic mRNAs. Fmr1 mRNA is itself present in dendrites and was first shown to be translated in response to mGluR activation (Weiler et al., 1997; reviewed in Bassell and Warren, 2008) . Subsequently, many of the mRNAs that are translated in response to group 1 mGluRs also interact with FMRP, including Psd-95 (Todd et al., 2003) , amyloid precursor protein (App) (Westmark and Malter, 2007) , elongation factor 1a (Ef1a) (Huang et al., 2005) , Map1b (Davidkova and Carroll, 2007; Hou et al., 2006) , and Arc Waung et al., 2008) . Consequently, FMRP may be a major regulator of mGluRdependent protein synthesis and plasticity. Recent evidence supports a model whereby FMRP switches from a translational suppressor to an activator in response to mGluRs through either dephosphorylation or ubiquitination of FMRP or disassociation of FMRP from cytoplasmic FMRP interacting protein (CYFIP1), a recently identified eIF4E binding protein (4EBP) Napoli et al., 2008; Narayanan et al., 2007 ; reviewed in Bassell and Warren, 2008; Waung and Huber, 2009) . According to this model, in the absence of FMRP, as in fragile X syndrome, there is a loss of steady-state translational suppression that leads to increased protein levels of FMRP target mRNAs as well as a deficit in mGluR-induced translation of these mRNAs for which there is experimental support (reviewed in Bassell and Warren, 2008; Waung and Huber, 2009) .
Although FMRP may acutely regulate mGluR-stimulated protein synthesis, mGluR-LTD in both the cerebellum and hippocampal CA1 is enhanced in Fmr1 KO mice. Enhanced mGluR-LTD at the PF-PC synapse is due to loss of FMRP in postsynaptic Purkinje neurons and is associated with deficits in eye-blink conditioning, a cerebellar-mediated form of learning, in both Fmr1 KO mice and fragile X patients (Koekkoek et al., 2005) . These results suggest that excess PF-PC LTD can disrupt cerebellar-mediated learning. Work in hippocampal CA1 neurons has provided some insight into the cellular alterations that lead to enhanced LTD in fragile X. In CA1, mGluR-LTD in the Fmr1 KO mice is associated with decreases in AMPAR surface expression and also requires Arc, similar to WT mice. However, mGluR-LTD and AMPAR surface decreases persist independently of new protein synthesis as well as upstream activators of protein synthesis Nosyreva and Huber, 2006; Park et al., 2008; Ronesi and Huber, 2008b) . Based on these results and the known molecular functions of FMRP, FMRP may translationally suppress mRNAs encoding proteins whose synthesis is necessary for the persistence of LTD and AMPAR surface decreases, such as Arc, MAP1b, and STEP (Bassell and Warren, 2008; Ronesi and Huber, 2008b; Waung and Huber, 2009) . Therefore, in the absence of FMRP-mediated translational suppression, Arc, MAP1b, or STEP proteins may be available or even enhanced in the dendrite. While mGluR activation and Arc are required to trigger AMPAR endocytosis and LTD in Fmr1 KO mice, the availability of ''LTD proteins'' may enhance the magnitude of LTD at KO synapses and relieve the requirement for de novo synthesis (Figure 4) . Understanding how Arc, MAP1b, and STEP translation is regulated in dendrites of normal and Fmr1 KO neurons will help to better understand the cellular underpinnings of altered LTD in fragile X.
FMRP also suppresses other forms of mGluR-and proteinsynthesis-dependent plasticity, such as that leading to longterm increases in neuronal excitability. In area CA3 of wild-type animals, coapplication of GABAa blockers with the mGluR agonist DHPG induces a long-term and protein-synthesisdependent increase in neuronal excitability, observed as prolonged bursts of action potentials of CA3 neurons that resemble interictal bursts in epilepsy (Merlin et al., 1998) . Recent work suggests that one of the proteins that is synthesized and required for these epileptiform bursts mediates a voltage-dependent cation current, termed I mGluR(V) (Bianchi et al., 2009 ). I mGluR(V) is induced in CA3 neurons with mGluR activation, and the persistence of I mGluR(V) requires new protein synthesis (Bianchi et al., 2009) . In Fmr1 KO mice, the prolonged epileptiform bursts, as well as I mGluR(V) , develop with GABAa blockade alone but are blocked by the mGluR5 antagonist MPEP (Bianchi et al., 2009; Chuang et al., 2005) . Interestingly, unlike mGluR-LTD in Fmr1 KO mice, mGluR-induced bursts and I mGluR(V) in CA3 neurons are blocked by protein synthesis inhibitors. These results suggest that FMRP suppresses translation of proteins required for the generation of epileptiform bursts, such as those mediating I mGluR(V) . Therefore, strong activation of mGluR5 with an agonist is required in wild-type animals to generate the bursts. In the absence of FMRP, weaker, synaptic activation of mGluR5 is sufficient to trigger the epileptiform bursts and translation of proteins that lead to the prolonged epileptiform bursts (Chuang et al., 2005) . The identification of the channels and/or interacting proteins that mediate I mGluR(V) is important to further develop this model. Enhanced mGluR-dependent epileptiform bursts in Fmr1 KO mice likely contribute to the audiogenic seizures observed in these mice as well as the epilepsy observed in some fragile X patients. These findings suggest that FMRP may serve a general function to suppress translation of mRNAs that are normally translated in response to mGluR activation. Therefore, in the absence of FMRP, as in fragile X syndrome, there is a loss of translational suppression that leads to enhanced and dysregulated mGluR-dependent plasticity.
The observation of enhanced mGluR5-dependent plasticity in the fragile X mouse model motivated the hypothesis that overactive mGluR5 function mediates many of the symptoms of fragile X and that mGluR5 antagonism may be a viable therapeutic strategy for the disease. Together, these postulates comprise the ''mGluR-theory of fragile X syndrome'' . Remarkably, data from animal models of fragile X support the mGluR theory and have been recently reviewed (Bassell and Warren, 2008; Bear, 2005; Dö len and Bear, 2008) . Briefly, mGluR5 antagonists or genetic reduction of mGluR5 (mice that are heterozygous for mGluR5) reverse multiple phenotypes in the Fmr1 KO mice, including audiogenic seizures, consistent with observations of enhanced mGluR-induced epileptiform bursts in slices of hippocampal CA3 (Dö len et al., 2007; Yan et al., 2005) . Genetic reduction of mGluR5 reverses other phenotypes in Fmr1 KO mice, such as deficits in experience-dependent plasticity in the visual cortex, increased dendritic spine density, and hippocampal-dependent learning. In support of a role of mGluR-LTD in hippocampal extinction learning, Fmr1 KO mice display accelerated extinction of a hippocampal-dependent, inhibitory avoidance memory, and this is normalized by genetic reduction of mGluR5 (Dö len et al., 2007) . In the fragile X syndrome fly model (dFXR null fly), treatment of adults with antagonists of mGluRs or the mGluR signaling pathway (i.e., lithium) reverse cognitive or behavioral deficits (McBride et al., 2005) . The remarkable effectiveness of mGluR antagonism in the animal models of fragile X syndrome has motivated trial studies in human fragile X patients, using lithium and fenobam, an mGluR5 antagonist, with encouraging results (Berry-Kravis et al., 2008 Hagerman et al., 2009 ). Alzheimer's Disease Alzheimer's disease is a progressive neurodegenerative disease that is associated with early learning and memory impairments and ultimately other higher cognitive functions. Evidence indicates that altered synaptic structure, function, and plasticity precede the neurodegeneration and contribute to the early learning and memory deficits. Alzheimer's disease is linked with mutations in amyloid precursor protein (APP) that result in abnormal proteolysis and cleavage, which generates amyloid b protein (Ab) that ultimately aggregate into the hallmark senile plaques (Selkoe and Schenk, 2003) . Although Ab aggregates (i.e., insoluble Ab) are ultimately observed in the brains of Alzheimer's patients, it has become evident that cognitive and memory impairments precede the occurrence of amyloid plaques. Therefore, researchers turned to investigating the role of soluble Ab peptides on neuronal function and structure (reviewed in Selkoe, 2008) . Accumulating evidence indicates that soluble Ab oligomers lead to a depression of synaptic transmission through an LTD-like mechanism. Exogenous application of soluble Ab peptides from either human patients or cell lines inhibits LTP as well as enhances LTD induction (Li et al., 2009; Shankar et al., 2008) . Exogenous expression of Ab in neurons for several days leads to a removal of AMPARs that mimics and occludes mGluR-dependent LTD (Hsieh et al., 2006; Kamenetz et al., 2003) . Recent work finds that Ab facilitates both mGluR-and NMDAR-dependent LTD and does so, in part, through inhibition of glutamate transporters (Li et al., 2009 ). These results suggest that Ab-mediated inhibition of glutamate uptake leads to an accumulation of extracellular glutamate levels and activation of mGluRs and NMDARs to levels that result in AMPAR endocytosis and LTD and inhibition of LTP. The depressive effect of Ab on synaptic transmission is thought to ultimately lead to loss of structural and functional synapses or spines. Consistent with this interpretation, both NMDAR-and mGluRdependent LTD are associated with shrinkage and/or loss of dendritic spines, and Ab peptides cause spine loss that relies and NMDARs and pathways implicated in NMDAR-LTD (Kamikubo et al., 2006; Nä gerl et al., 2004; Shankar et al., 2008; Zhou et al., 2004) . The loss of functional synapses together with the inhibition of LTP and occlusion of LTD may underlie the early learning and memory deficits in Alzheimer's disease. Whether APP or its cleavage products contribute to LTD under normal physiological conditions is not known. Clues to this issue come from Westmark and Malter (2007) , who discovered that APP mRNA interacts with FMRP and is rapidly translated in response to mGluR activation. Interestingly, APP levels are elevated in synaptoneurosomes of Fmr1 KO mice and may contribute to the altered mGluR-LTD and cognitive deficits in fragile X syndrome (Westmark and Malter, 2007) .
Concluding Remarks
In the last decade, the development of specific pharmacological tools and transgenic mice have advanced our understanding of mGluR1 and mGluR5 function in the central nervous system. Here we focused on their function in mGluR-LTD, which plays a role in learning and cognitive function, as well as in several neurological and neuropsychiatric diseases. As highlighted here, the discovery of mGluR-LTD in the striatum has revealed the synaptic mechanisms underlying goal-directed learning and has helped to understand how addictive drugs alter the striatal circuitry, ultimately hijacking behavior. Unraveling the novel cellular mechanisms of mGluR-dependent plasticity in the hippocampus has revealed unexpected links with diseases of cognition such as fragile X syndrome, which, in turn, has lead to very exciting and encouraging therapeutic strategies for this disease.
Many questions remain concerning how mGluRs and the resulting synaptic plasticity contribute to complex behaviors and diseases of the brain. For example, what is the specific role of mGluR-LTD in hippocampal-dependent learning and does its altered regulation in fragile X syndrome contribute to the cognitive deficits? Is there altered mGluR function and plasticity in other related diseases of cognition such as autism? In regard to addiction, does individual variability of mGluR1 function exist in humans that may explain individual vulnerability for the disease? To address these and many other questions, we have an arsenal of approaches at hand that combines classical pharmacology with sophisticated third-generation genetic manipulations in mice and novel optogenetic tools to manipulate neuronal circuits and to control signaling pathways in a celltype-specific manner. Put to work properly, researchers in the field are in for unprecedented insights into mGluR-LTD function (and certainly some surprises) in the not too distant future.
